BRCA1, a well-known tumor suppressor with multiple interacting partners, is predicted to have diverse biological functions. However, so far its only well-established role is in the repair of damaged DNA and cell cycle regulation. In this regard, the etiopathological study of low-penetrant variants of BRCA1 provides an opportunity to uncover its other physiologically important functions. Using this rationale, we studied the R1699Q variant of BRCA1, a potentially moderate-risk variant, and found that it does not impair DNA damage repair but abrogates the repression of microRNA-155 (miR-155), a bona fide oncomir. Mechanistically, we found that BRCA1 epigenetically represses miR-155 expression via its association with HDAC2, which deacetylates histones H2A and H3 on the miR-155 promoter. We show that overexpression of miR-155 accelerates but the knockdown of miR-155 attenuates the growth of tumor cell lines in vivo. Our findings demonstrate a new mode of tumor suppression by BRCA1 and suggest that miR-155 is a potential therapeutic target for BRCA1-deficient tumors.
The protein encoded by human breast cancer susceptibility gene BRCA1 is involved in DNA damage repair and cell cycle progression [1] [2] [3] . BRCA1 has two distinct functional domains: the N-terminal RING domain binds to BARD1 and has E3 ubiquitin ligase activity 4, 5 , whereas the C-terminal BRCT domain is essential for transcriptional regulation and DNA double-strand break repair (DSBR) function [6] [7] [8] [9] [10] . After phosphorylation by ATM, ATR, Aurora A and Cdk2 kinase, BRCA1 localizes to the site of damaged DNA [11] [12] [13] [14] . Mutations in BRCA1 are associated with substantially increased risk of developing breast and ovarian cancer 15 .
In this study, we characterized the R1699Q point mutation in the BRCT domain (ex.18:c.5095G>A, p.R1699Q). Arg1699 is predicted to be critical for the formation of hydrogen bonds with DNA helicase BACH1 phosphopeptide 16 . R1699Q does not completely destabilize the phosphopeptide interaction, but may cause loss of phosphospecificity 17 . R1699Q has been associated with predisposition to breast cancer in some studies but the precise risk is unknown 18, 19 .
Using a mouse embryonic stem cell (ES cell)-based functional assay 20 , we found that R1699Q did not affect genomic stability or cause any apparent cell cycle defects. However, R1699Q ES cells undergoing differentiation upregulated an oncogenic microRNA, miR-155. In humans, miR-155 is transcribed from the MIR155HG gene (also known as the B cell integration cluster, or BIC locus, and referred to hereafter as miR-155) that encodes a noncoding RNA and is a proviral insertion site of the avian leukosis virus 21 . Functional studies of mir-155 in mice and its upregulation in many types of B-cell lymphoma and myeloid leukemia suggest it is oncogenic [22] [23] [24] [25] [26] . A recent study has shown that miR-155 has mutator activity 27 . Several known targets of miR-155 are involved in apoptotic and/or proliferative response and contribute to tumor development [28] [29] [30] . Here we demonstrate a previously unknown role for BRCA1 in the epigenetic control of miR-155.
RESULTS

R1699Q variant affects ES cell survival and differentiation
Previously, we developed a mouse ES cell-based assay and used it to examine the functional significance of 13 BRCA1 variants 20 . The assay is based on the ability of human BRCA1 transgene cloned in a bacterial artificial chromosome (BAC) vector to complement the loss of endogenous Brca1 in mouse ES cells (PL2F8) that contain a conditional allele of Brca1 (Fig. 1a) . Using this assay, we observed tenfold lower survival of R1699Q BRCA1-expressing Brca1 ko/ko ES cells compared 1 2 7 6 VOLUME 17 | NUMBER 10 | OCTOBER 2011 nature medicine with wild-type BRCA1 (Fig. 1b) . The deleterious nature of this variant was further supported by its inability to rescue the embryonic lethality of Brca1-null mice ( Supplementary Fig. 1a-c) . R1699Q ES cells (Brca1 ko/ko , rescued by R1699Q BRCA1) had no substantial defects in sensitivity to DNA damaging agents, cell growth or overall genomic stability ( Supplementary Fig. 2a-h) . To determine the effect of R1699Q mutation, we differentiated the ES cells into embryoid bodies that represent an in vitro model of early embryogenesis (Fig. 1c) . Histological analysis of R1699Q embryoid bodies showed lack of the outer primitive endodermal layer (Fig. 1d) ; this was corroborated by reduced mRNA levels of Lamb1: an endodermal marker (Supplementary Fig. 3a) . The cells of the outer layer of the R1699Q embryoid bodies were TUNEL + (Fig. 1e) , suggesting that the absence of the primitive endodermal layer is due to apoptotic cell death. The inner layers of the R1699Q embryoid bodies were composed mainly of mesodermal cells (mesodermal marker T, also known as Brachyury, was highly upregulated; Supplementary Fig. 3b ), unlike the wild-type embryoid bodies, which had distinct cell layers (Fig. 1d) . We confirmed that these defects were not due to genomic instability in the differentiating cells (data not shown). R1699Q ES cells also exhibited defects during in vivo differentiation into teratomas. Compared with wild-type ES cells, R1699Q ES cells formed teratomas significantly more slowly (Fig. 1f) and had fewer neurorosette structures comprised of poorly differentiated, rapidly growing neural cells (Fig. 1g) .
To understand the difference between wild-type and R1699Q embryoid bodies at the molecular level, we carried out comparative gene expression profiling (Supplementary Table 1 ) and found several altered signaling pathways including those related to stem cell differentiation (Supplementary Table 2 ). Additionally, R1699Q embryoid bodies had twofold lower concentrations of stem cell marker Nanog compared with wild-type cells (Supplementary Fig. 3c ), although another marker, Pou5f1 (also known as Oct-4), showed no difference (Supplementary Fig. 3d ). These data are consistent with the hypothesis that R1699Q ES cells are prone to spontaneous differentiation, possibly explaining the tenfold reduction in their survival.
miR-155 is upregulated in R1699Q mutant cells Dicer1-null ES cells have a very similar phenotype to that of the R1699Q ES cells, including deregulated embryoid body formation and defective teratoma growth 31 . Because Dicer is a key enzyme involved in maturation of microRNA (miRNA), this phenotypic similarity led us to investigate whether miRNA expression is misregulated in wild-type and R1699Q embryoid bodies. As an additional control, we examined embryoid bodies generated from ES cells expressing M1652I BRCA1, a neutral variant that is functionally indistinguishable from wild-type BRCA1 (refs. 20,32) . We identified a single miRNA, miR-155, to be consistently upregulated (more than twofold) in R1699Q cells (Supplementary oncogenic miRNA that is upregulated in many cancers, including breast cancer 33, 34 . We confirmed miR-155 upregulation in R1699Q cells by real-time PCR (rtPCR; Fig. 2a) . In situ hybridization revealed ~40-fold upregulation of miR-155 (Fig. 2b) in a subset of the cells from R1699Q embryoid bodies. We next tested whether the upregulation of miR-155 was the cause or the result of the differentiation defects observed in the R1699Q ES cells. Using a tet-inducible system we overexpressed miR-155 in wildtype ES cells (Fig. 2c,d) . miR-155 overexpression during embryoid body and teratoma formation led to a phenotype similar to those observed in R1699Q ES cells (Fig. 2e-g ). H&E-stained control embryoid bodies are not exactly like wild-type embryoid bodies (Fig. 2e) , probably as a result of leaky expression of miR-155. These results suggest that miR-155, at least in part, contributed to the differentiation defects observed in R1699Q ES cells.
miR-155 is upregulated in BRCA1-deficient cells
The upregulation of miR-155 in R1699Q cells suggests that BRCA1 controls its expression. To test this possibility, we measured miR-155 expression in tumors from Brca1 ko/+ ;Trp53 ko/+ ;Tg R1699Q mice, which have Brca1 and Trp53 knockout alleles on the same chromosome (S.C. and S.K.S., unpublished data). Of the nine tumors we tested, eight had 30-to 180-fold upregulation of miR-155 compared with normal tissues (Fig. 3a and Supplementary Table 4) . The one tumor (RQ163) that did not highly express miR-155 (Fig. 3a) retained the wild-type Brca1 allele, whereas six of the seven tumors with greater miR-155 expression than normal tissues showed loss of wild-type Brca1 (Supplementary Fig. 4a ), suggesting that loss of wild-type Brca1 is required for miR-155 upregulation. Notably, four tumors from Brca1 ko/+ ;Trp53 ko/+ ;Tg M1652I mice showed only marginal increase in miR-155. miR-155 was also upregulated in a tumor from an R1699Q mutation carrier, although the magnitude of increase was smaller ( Fig. 3b; see Supplementary Discussion). This tumor also exhibited a reduction in the copy number of BRCA1, suggesting a possible BRCA1 loss of heterozygosity (LOH) (Supplementary Fig. 4b ).
Next, we tested a panel of human breast cancer cell lines with different BRCA1 genotypes to examine whether the deregulation of miR-155 is specific to R1699Q or whether the complete loss of BRCA1 has a similar effect. Northern blotting and rtPCR analysis showed that two BRCA1-deficient cell lines, HCC1937 and MDA-MB-436, had 50-to 150-fold greater miR-155 than MDA-MB-231 and MCF7, which both express functional BRCA1 (Fig. 3c,d) . Moreover, miR-155 expression analysis in the primary tumors from the Brca1 conditional knockout mouse model (Brca1 cko/cko ;p53 ko/+ ;MMTV-Cre) 35 showed that miR-155 was consistently upregulated in BRCA1-deficient tumors ( Fig. 3d ; n = 4). In contrast, only one of the four tumors from Her2/Neu transgenic mice overexpressed miR-155 ( Fig. 3d ; n = 4). We also observed greater miR-155 expression in mammary epithelial Fig. 3e) . Also, stable knockdown of BRCA1 in HEK 293 cells led to greater expression of miR-155 than in wild-type (Fig. 3f) . Furthermore, when we transiently expressed wild-type and R1699Q BRCA1 in the BRCA1-deficient breast tumor cell line MDA-MB-436, we found a significant reduction in miR-155 expression only with wild-type BRCA1 (Fig. 3g) . We also observed repression of miR-155 expression by wild-type BRCA1 in HCC1937 cells, indicated by dose-dependently increased activity of a luciferase reporter that has miR-155-binding sites at the 3′ untranslated region (UTR; Fig. 3h ). Taken together, these results demonstrate that BRCA1 negatively controls miR-155 and that loss of BRCA1 function leads to the upregulation of miR-155.
BRCA1 epigenetically represses miR-155 promoter
Because the biogenesis of miRNAs occurs in multiple steps 37 , we examined at which step(s) BRCA1 is involved. In R1699Q embryoid bodies, we found that the primary transcript of miR-155 gene (pri-miRNA-155) was increased by threefold compared with the wild-type embryoid bodies (Supplementary Fig. 5a ). We also observed that the overexpression of wild-type or R1699Q BRCA1 in BRCA1-deficient MDA-MB-436 cells did not alter the processing of the pri-miR-155 to mature form (Supplementary Fig. 5b ). These data suggest that BRCA1 controls miR-155 expression by regulating the transcription of pri-miR-155.
We hypothesized that BRCA1 associates with the miR-155 promoter and suppresses its transcription. Sequence analysis of the mouse miR-155 promoter showed two regions with putative BRCA1-binding sites 38 (BRCA1-1 and BRCA1-2; Supplementary Fig. 6a ). Chromatin immunoprecipitation (ChIP) analysis of the promoter using primers (Supplementary Table 5 ) for these two regions showed that BRCA1 binds to the BRCA1-2 region (Fig. 4a) . To further validate this interaction and examine its effect on miR-155 regulation, we carried out mutation analysis. In the BRCA1-2 region, we identified two different clusters of putative BRCA1-binding sites separated by 58 base pairs (Supplementary Fig. 6b) . We mutated each of the two putative binding clusters (Mut1 and Mut2) individually and also generated a double mutant (Supplementary Fig. 6c ). Each mutant led to miR-155 promoter activation, as measured by a luciferase assay with wild-type BRCA1 in MDA-MD-468 cells (Fig. 4b) , suggesting the importance of both binding sites for promoter repression. This is further supported by the observation that the double mutant did not show any additive effect (Fig. 4b) . We found that the binding of R1699Q BRCA1 to the miR-155 promoter was comparable to wild-type (Fig. 4a) . Thus, we reasoned that BRCA1 may recruit other transcriptional repressors and that the interaction is disrupted without functional BRCA1, leading to derepression of the miR-155 promoter. None of the known corepressors of BRCA1, including CtIP, COBRA and Myc [39] [40] [41] , affected BRCA1-dependent repression of miR-155 promoter (data not shown). Furthermore, R1699Q BRCA1 had no effect on the expression of other known transcriptional targets, such as Gadd45 and Ccnb1 (also known as Cyclin B1) in the mutant embryoid bodies ( Supplementary  Fig. 6d,e) , also suggesting that BRCA1 may regulate miR-155 by a different mechanism.
Because BRCA1 is associated with the histone deacetylase (HDAC) complex 42 , we examined the possibility that BRCA1 epigenetically controls miR-155. Treatment with HDAC inhibitors (apicidin, M344 and TSA) in MDA-MB-468 (BRCA1 + ) led to a two-to fourfold increase of miR-155 ( Fig. 4c ; data for TSA not shown). In contrast, in the two BRCA1-deficient cell lines, MDA-MB-436 (Fig. 4c) and HCC1937 (Supplementary Fig. 7a ), miR-155 expression did not increase in response to the HDAC inhibitors, suggesting that the miR-155 promoter is controlled epigenetically and that the regulation is abrogated without BRCA1. Indeed, luciferase reporter analysis in MDA-MB-468 cells showed a seven-to ninefold increase in miR-155 promoter activation upon HDAC inhibitor treatment (Fig. 4d) . Moreover, the activation of promoters with mutated BRCA1-binding sites decreased after HDAC inhibitor treatment (Fig. 4d) , suggesting that BRCA1 is involved in the epigenetic regulation.
On the basis of these results, we further tested whether BRCA1 affects the acetylation of one or more histones on the miR-155 promoter, which in turn could activate or silence the gene. We carried out ChIP analysis using a series of antibodies recognizing acetylated histones and observed that H2A and H3 were more acetylated in BRCA1-deficient MDA-MB-436 cells than in BRCA1 + MCF7 cells (Supplementary Fig. 7b ). This increased acetylation of H2A and H3 was also observed in R1699Q embryoid body cells (Fig. 4e) , indicating that BRCA1 is responsible for these acetylation changes. Moreover, the acetylation of H2A and H3 was lower when wild-type BRCA1 was expressed in MDA-MB-436 cells, whereas R1699Q overexpression did not have this effect (Fig. 4f) . These data demonstrate that BRCA1 negatively controls the miR-155 promoter by decreasing the acetylation of H2A and H3.
To identify the HDAC involved in the deacetylation of histones H2A and H3 at the miR-155 promoter by BRCA1, we carried out ChIP analysis using antibodies to HDAC1-HDAC5 and HDAC7. We observed a specific association between HDAC2 and the miR-155 promoter in cells expressing wild-type BRCA1 ( Fig. 4g and Supplementary  Fig. 7c) . However, in R1699Q cells, HDAC2 association with miR-155 promoter was similar to the IgG control. We tested the interaction between HDAC2 and BRCA1 by coimmunoprecipitation in mouse mammary epithelial cells, and found interaction between HDAC2 and wild-type or M1652I BRCA1 but not between HDAC2 and R1699Q BRCA1 (Fig. 4h) . Because R1699Q BRCA1 associated with the miR-155 promoter but did not interact with HDAC2 (Fig. 4a,h) , we questioned whether R1699Q BRCA1 has a dominant-negative effect on miR-155 regulation. To test this, we coexpressed R1699Q mutant with wild-type BRCA1 in MDA-MB 436 cells and MCF7. R1699Q BRCA1 had no effect on the repression of miR-155 in MDA-MB 436 cells, and miR-155 did not significantly increase upon overexpression of R1699Q BRCA1 in MCF7 cells (Supplementary Fig. 7d ), suggesting that R1699Q BRCA1 does not have a dominant-negative effect (see Supplementary Discussion) .
Because the mutant miR-155 promoters exhibited higher activity and compromised activation in the presence of HDAC inhibitors (Fig. 4b,d) , we tested the association between BRCA1-HDAC2 complex and acetylation of H2A and H3 on the mutant promoters. We transfected wild-type or mutant mouse miR-155 promoter constructs (Mut1, Mut2 and double mutant in Fig. 4b,d) into the BRCA1 + human breast cell line MDA-MB-468 and carried out ChIP analysis. Using mouse promoter-specific primers, we found that wild-type promoter associated with BRCA1 and HDAC2 and led to reduced acetylation of H2A and H3, whereas the mutant promoter (double mutant) did not recruit the BRCA1-HDAC2 complex and, as a result, showed increased acetylation of H2A and H3 (Fig. 4i) . On the basis of these observations, we concluded that wild-type BRCA1 can recruit HDAC2 to the miR-155 promoter that deacetylates histones H2A and H3. Notably, using human miR-155 promoter-specific primers, we found that the association between BRCA1-HDAC2 complex and the endogenous human miR-155 promoter is reduced by the presence of exogenous wild-type mouse miR-155 promoter (Fig. 4i) but not by the mutant promoter. This suggests competition for the limited amount of BRCA1-HDAC2 complex (Supplementary Fig. 7e ). We also tested three other promoters, ESRRG, CCNB1and STAT5A, with putative BRCA1-binding sites 38 , and found no or marginal association of BRCA1 (see Supplementary Discussion). We also observed no change in HDAC2 interaction or histone acetylation (Fig. 4i) , suggesting that the epigenetic regulation of miR-155 promoter by BRCA1 is specific.
Effect of miR-155 on tumorigenesis
To examine the effect of overexpression of miR-155 observed in BRCA1 mutant tumors or tumor cell lines, we stably expressed miR-155 in BRCA1 + , low miR-155-expressing MDA-MB-468 cells (Supplementary Fig. 8 ). We then injected control and miR-155-expressing cells into athymic nude mice and monitored tumor growth. Cells overexpressing miR-155 showed accelerated tumor growth relative to control cells ( Fig. 5a ; P = 4.12 × 10 −4 , analysis of covariance, ANCOVA). Analysis of individual tumors showed greater miR-155 in tumors from cells overexpressing miR-155 (Supplementary Fig. 8a ). This result demonstrates that miR-155 is oncogenic in this breast cancer cell line, consistent with a recent report showing that miR-155 supports the growth of MDA-MB-231 cells 30 . We then tested the effect of miR-155 inhibition in BRCA1-deficient cells on in vivo tumor cell growth. We used a mouse BRCA1-deficient tumor cell line (no. 69) 43 with high miR-155 expression, comparable to the HCC1937 cell line (Supplementary Fig. 8b ). We generated stable clones (C9 and D6) containing a GFP reporter construct harboring a miR-155-binding site (miR-sponge; Supplementary  Fig. 8c ) that showed efficient knockdown of miR-155, as shown by luciferase reporter assay (Supplementary Fig. 8d ). The in vivo growth of these clones was significantly lower than the parental cells in an orthotopic transplantation experiment (Fig. 5b,c) , demonstrating that the knockdown of miR-155 inhibits in vivo tumor growth of BRCA1-deficient cells.
miR-155 upregulation in BRCA1-mutant human breast tumors
To examine the correlation between BRCA1 status and miR-155 expression in human breast cancer, we first analyzed a human breast tumor tissue array. We screened miR-155 + tumors by in situ hybridization and found 20 cases showing marked upregulation in a subset of epithelial cells (on the basis of H&E staining), similar to the staining pattern we observed in embryoid bodies derived from R1699Q ES cells ( Fig. 5d and Supplementary Fig. 9a ). We also assessed BRCA1 status by immunohistochemistry ( Fig. 5d and Supplementary Fig. 9b ) and classified the tumors into groups of 50 BRCA1 + tumors and 16 BRCA1-weak or BRCA1 − tumors, which showed background expression of BRCA1. Among 16 tumors with weak or negative BRCA1 expression, 10 were miR-155 + (62.5%). In contrast, only 10 of 50 (20%) BRCA1 + tumors were miR-155 + ( Table 1) . These results show a significant correlation between loss of BRCA1 and upregulation of miR-155 (P = 0.022, Fisher's exact test). We quantified miR-155 expression in 13 of these tumors (3 BRCA1 + and miR-155-low; 10 BRCA1-weak or BRCA1 − and miR-155-high) by rtPCR of miRNA extracted from formalin-fixed, paraffin-embedded (FFPE) sections and found a two-to sixfold upregulation of miR-155 in BRCA1-weak or BRCA1 − tumors compared with BRCA1 + tumors (Supplementary Fig. 10 ).
Next, we examined human tumors with mutation in BRCA1 (Supplementary Table 6 ). Of 14 tumors from BRCA1 mutation carriers, 11 (78.5%) had high miR-155 (more than twofold), whereas only 8 of 28 (28%) tumors from noncarriers had high miR-155 (P = 0.045 by Fisher's exact test, Fig. 5e ). Taken together, our results show that miR-155 upregulation is correlated with BRCA1 mutation in human breast tumors.
DISCUSSION
The R1699Q variant of BRCA1 has shown variable effects in functional, biochemical and biophysical studies, and its precise effect on breast cancer risk is unknown 19, 44, 45 . Therefore, we hypothesized that R1699Q may have a mild to moderate effect on BRCA1 function and is probably a hypomorphic allele. We uncovered a defect in ES cell differentiation caused partially by the upregulation of an oncogenic miRNA, miR-155. Further studies showed that upregulation of miR-155 was associated not only with the R1699Q variant but also with complete loss of BRCA1 function. Notably, we observed different levels of miR-155 overexpression in different cell-types, which we attribute to the presence of multiple regulatory signals (see Supplementary Discussion). Because of the oncogenic potential of miR-155, these results suggest that the repression of miR-155 may be a new mode of tumor suppressor function for BRCA1. Our study demonstrates that miR-155 is epigenetically regulated, and that BRCA1 has a role in this regulation via its interaction with the HDAC2 complex (Fig. 5f ).
Our study also shows a correlation between loss of BRCA1 function and miR-155 upregulation in human tumors. Future studies may establish whether mir-155 can be used as a potential biomarker to determine the functional status of BRCA1 in tumors (see Supplementary Discussion). The knockdown of miR-155 in BRCA1-deficient cells led to significant reduction in tumor growth. The effectiveness of miR-155 abrogation on growth of established BRCA1-deficient tumors needs to be evaluated in the future to determine the potential use of an anti-miR-155 agent for BRCA1-deficient tumorigenesis.
In conclusion, we characterized the R1699Q mutation and identified a new role for BRCA1 in the epigenetic control of miR-155. We think that functional analysis of other potentially low-or moderate-risk variants of BRCA1 could lead to the discovery of other new biological functions of this multifunctional tumor suppressor that have been masked in variants that severely disrupt the function of BRCA1.
METHODS
Methods and any associated references are available in the online version of the paper at http://www.nature.com/naturemedicine/.
